CHAPTER 8 SPATIAL, POLARIZATION, AND PATTERN DIVERSITY FOR WIRELESS HANDHELD TERMINALS

Introduction
This chapter examines the diversity dimensions of antenna configurations that affect performance in handheld radios. Experiments were conducted in Ricean fading line-of-sight and obstructed outdoor and indoor multipath channels using spatial, polarization, and pattern diversity. Antenna separation, polarization, and pattern are varied independently to the extent possible. Envelope correlation, power imbalance, and diversity gain were calculated from the measurements. Differing antenna polarizations or pattern distortions result in power imbalance between diversity branches. For a given cross-correlation, diversity gain decreases as power imbalance increases. Diversity gain allows a direct comparison of the performance that can be achieved with each configuration. A diversity gain of 7 to 9 dB at the 99% reliability level was achieved in non line-of-sight channels for all diversity configurations even with very small antenna spacings. The use of polarization diversity also reduced polarization mismatches, improving SNR by up to 12 dB even in line-of-sight channels.
Antenna diversity for land-mobile radio base stations has been proven to be very effective. In fact, spatial diversity with receive antennas spaced typically ten or more wavelengths apart on cellular telephone towers is in widespread use. Base station spatial diversity is discussed by Lee [8.1] . Polarization diversity has been found to be nearly as Spatial diversity for reception uses two or more antennas separated in space. Transmit diversity is also effective, but systems are often uplink-limited and link improvements most needed for the receive side of the base station. In multipath propagation conditions, as encountered with a blocked or shadowed direct line-of-sight (LOS) path, each receive antenna experiences a different fading environment. Thus, it is highly likely that if one antenna is in a deep fade, then the other one is not and provides sufficient signal.
Base stations require wide antenna spacings for proper diversity operation because the multipath arrival is over a narrow angle spread [8.1]. However, as shown in [8.7] , under wide multipath angle spread conditions diversity spacing can be small. This occurs in outdoor urban environments and for indoor operation of mobile/personal terminals.
This chapter presents results from a major measurement campaign that demonstrated the effectiveness of spatial diversity for use in handsets and investigated other fundamental mechanisms that contribute to diversity gain. It was found that antenna spacings as small as onetenth wavelength provide up to 8 dB diversity gain at a 1% outage level. Similar large gains for polarization and pattern diversity with small antenna spacings were also observed.
Measurements including operator effects showed a diversity gain of over 8 dB using antennas spaced 0.25 wavelength apart with the operator's head next to the antennas. The results of this investigation can be used to design effective diversity antennas for handheld radios.
Diversity Principles
We begin with a review of diversity principles. Discussion is confined to receive diversity, although transmit diversity can have similar effects. Diversity antennas provide two major benefits. First, reliability is improved in multipath channels where interference from reflected signals causes fading of the received signal. The fade level experienced on average for a given outage probability (percent down time) is decreased through diversity. Systems that use diversity combining can provide a 10 dB or greater diversity gain (to be defined below) for the worst 1% of cases. Second, the overall average received signal power is increased. Systems that use polarization or angle diversity automatically match the antenna characteristics to the received signal and increase the efficiency of the radio link. These gains can be dramatic. A radio without polarization diversity can easily experience a 10 to 20 dB decrease in mean received signal power due to polarization mismatch. A simple polarization diversity system can provide at least half the best-case received signal power for even the worst polarization mismatch.
The use of diversity antennas results in improvements in system performance over that of a system that does not use diversity antennas. Diversity gains from handheld radios that use diversity antennas permit the use of lower transmit power for a given level of reliability. Thus, diversity reduces interference to and from other users, and reduces the probability that a hostile party will intercept the signals. Battery life is increased in peer-to-peer handheld systems. The outputs from diversity antennas can be selected or combined in several ways to optimize the received signal power or SNR. These techniques include maximal ratio combining, equal gain combining, selection diversity, and switched diversity; these methods are described in Chapter 3, and in more detail in [8.8] . In this investigation maximal ratio combining and selection diversity are considered. The two techniques do not differ greatly in performance, with maximal ratio combining providing about 1.5 dB higher diversity gain at the 1% cumulative probability (99% reliability) level. Adaptive beamforming algorithms can also provide diversity gain, in addition to rejecting interfering signals [8.9].
In general, multiple diversity dimensions can be exploited dynamically in receivers. The diversity dimensions that are available are (also see Fig. 8-1 ):
Spatial -multiple antenna elements occupy separate locations on the radio Polarization -the antenna(s) provide dual orthogonal polarizations Pattern or Angle -directional antennas discriminate over angle space Diversity gain quantifies the improvement in SNR of a received signal that is obtained using signals from different receiver branches. Diversity gain permits a direct comparison of improvement offered by multiple antenna sensors compared to a single one. The diversity gain for a given cumulative probability p is given by
where γ div is the SNR with diversity and γ 1 is the SNR of a single branch without diversity combining. Diversity gain is the improvement in signal level or SNR, due to diversity combining, for a given level of cumulative probability or reliability. So far, however, little research has been reported that attempts to isolate the effects of spatial, polarization, and pattern diversity in hand-held applications. These diversity approaches were studied individually to gain insight into how they can be combined effectively. Experiments were performed to evaluate the effects of antenna spacing, pattern, and polarization on diversity performance. The results are useful in guiding how operational systems can be configured.
Experimental Configuration
Experiments were performed using the handheld antenna array testbed (HAAT) to evaluate the performance of various diversity systems under tightly controlled conditions as well as in more typical operational scenarios. The HAAT is designed for maximum portability and flexibility and optimized for the purpose of taking measurements. The system is used to evaluate the performance of alternative antenna configurations and combining techniques.
Handheld antenna array testbed (HAAT)
The HAAT, described in Chapter 6, consists of transmitters, a positioner for the receiver, a receiving system, and a data processing system. The two-channel receiver described in Section 6.5 was used for the experiments discussed here. The handheld receiver unit consists of two receivers packaged in a box having the approximate size and shape of a handheld radio, and a portable DAT recorder (a Sony TCD-D8), used to log data. Two antennas, each connected to a separate receiver, are mounted on the box.
The received RF signals are mixed down to an audio IF frequency and recorded on the two channels of a digital audio tape (DAT) recorder. The entire receiver unit is portable so that it can be carried by an operator, and rugged enough that it can be used to perform experiments in a wide variety of locations and conditions.
The HAAT system performance was evaluated using conventional communication link theory. Path loss for a distance r that is greater than 1m is given by
where r and λ are in meters, and n is the path loss exponent and is equal to 2 for free space propagation and can be determined empirically for other channels. The transmitters produce a 2.05 GHz CW signal at +27 dBm. The receiver noise floor is approximately -88 dBm with the 100 Hz bandwidth filter that was used for processing data. Calculations using (8.3) yield a range of over 600 m in free space with a minimum mean SNR of 20 dB to allow for Rayleigh fading at the 1% cumulative probability level. In an obstructed channel with a path loss exponent of 3, the maximum range is 74 m. For a minimum SNR of 30 dB, allowing for Rayleigh fading at the 0.1% level, the ranges are 200 m and 34 m, respectively. The non line-of-sight measurements were conducted over distances of less than 50 m, while the transmitter-receiver distance was over 100 m for some of the line-of-sight measurements and the outdoor-to-indoor measurements.
A number of parameters were varied in the controlled experiments, such as the location of the transmitter(s) and receiver, the positioner height and orientation (compass bearing). The height and angles of the transmitter and receiver antennas and antenna supports can also be adjusted. These parameters were recorded for each experiment.
Antenna configurations
Many prior experiments reported in the literature offer mostly anecdotal results because the antennas are not fully characterized. To the extent possible, "pure" cases of spatial, polarization, and pattern diversity were used in these measurements in order to isolate the effects of each variable. This is desirable because if more than one parameter is varied it is difficult to draw conclusions about what characteristics of the antenna configuration contribute to its performance. Antenna configurations were used for space, polarization, and pattern diversity as shown in Fig. 8-3 . Spatial diversity measurements used the configuration shown in Fig. 8-3 (a) .
Two dipole antennas were spaced d apart and d was varied in 0.05 wavelength increments from 0.1 to 0.5 wavelength. 
Mutual coupling
The effects of mutual coupling change the antenna patterns from the free space pattern.
In the case of spatial diversity in particular, the change in patterns will tend to decrease the correlation between two closely spaced antennas below the theoretical value [8.12]. This is because the expression in (8.1) was calculated assuming omnidirectional patterns. In a practical system each antenna has a different pattern because of mutual coupling. Therefore, the relative weights of incoming multipath components received by each antenna are different, even when the antennas are closely spaced and the phases of the multipath components received by each antenna are similar. This reduces the probability that the received signals at both antennas will fade simultaneously.
The patterns of each dipole in the spatial diversity configuration of 
Measurement cases
Controlled experiments were conducted using the HAAT in urban, "urban canyon," suburban, and rural locations with flat to mountainous terrain, including both line-of-sight (LOS) and non line-of-sight or NLOS (shadowed) channels. An additional set of measurements was performed with and without an operator's head in close proximity to the receiving antennas, with the operator walking along side the unit as it moved down the track. These measurements were taken in an urban non line-of-sight location and consisted of eight measurements with the operator and eight measurements without the operator, with the track rotated 45° between measurements. It was necessary to cover the full 360° in azimuth because the operator disrupted the symmetry of the system.
Repeatability of measurements
Repeated measurements over the same track were performed in an indoor controlled environment to test for repeatability. The correlation of the envelopes recorded in successive runs was 0.98. In outdoor measurements with pedestrian traffic, correlations as high as 0.94
were observed between repeated runs. Even when the correlation was lower, the envelope correlation, power imbalance, and diversity gain for repeated measurements were very similar.
Data processing
Data collected with the HAAT was processed off line as described in Chapter 6. Best-fit Ricean CDF, diversity gain at the 10% and 1% cumulative probability (90% and 99% reliability) levels, envelope correlation, and power balance between the receiver branches were calculated.
The data were processed with no demeaning and with demeaning using a six-wavelength window.
Experimental Results
Measurements were divided into four categories so that measurement sets within a group represented similar types of channels and had generally similar statistics. As shown in Table 8 G div is the diversity gain at the 99% reliability level with maximal ratio combining. Power balance varied as a function of antenna spacing and ranged from 0.5 to 6 dB. This statistic was not significantly affected by demeaning as shown in Fig. 8-6 . The similarity of the statistic for all types of channels, and the relatively large values of power imbalance suggest that the assumption of perfectly uniform angular distribution of multipath that was used to derive (8.2) is not satisfied for any of the channels. K for the channels measured ranged from 0.57 to 2.03; K=0 for Rayleigh fading). Demeaning increased the measured diversity gain for some cases and decreased it for others. The mean diversity gain, averaged over all antenna spacings, increased when demeaning was used for urban canyon and indoor/outdoor-to-indoor measurements, but decreased for line-of-sight and non line-of-sight outdoor measurements. These changes were no greater than 0.7 dB, indicating that demeaning has little effect on the diversity gain for these measurements. This may be because the measurements were not done over long enough distances to experience significant changes in shadowing. The measured diversity gain for antenna spacings of 0.2 wavelength or greater is greater than 8 dB for non line-of-sight, non-urban canyon channels. Results of measurements using spatial, polarization, and pattern diversity configurations are summarized in Table 8 -3, categorized by diversity configuration. It can be seen that 7-10 dB diversity gain at the 1% probability (99% reliability) level is typical for spatial diversity with maximal ratio combining in the non line-of-sight channels that were measured. Comparable gains of 6-11 dB can be obtained using polarization and pattern diversity, with small antenna spacings of 0.25-0.3 wavelength. Diversity gains calculated for selection diversity were typically about 1.5 dB lower than those for maximal ratio combining for all antenna configurations.
Pattern diversity and polarization diversity configurations have an added advantage.
Even if selection diversity is used, these configurations can provide gain in line-of-sight channels that have very little multipath as well as in fading channels. Polarization mismatches of up to 12 dB or more were observed when transmit and receive antennas were oriented orthogonally. This problem sometimes occurs in operational systems, where handset orientation is random.
Polarization mismatch was eliminated when polarization diversity was used. Table 8-4 shows results of some additional measurements that were part of data set NLOS1A. A spatial diversity configuration using dipoles spaced 0.25 wavelength apart was tested with and without a person's head next to the receiver antennas. The person walked along with the receiver unit as it was moved on the linear positioner. The presence of a human head increased the envelope correlation and power imbalance, and decreased the diversity gain by about 2 dB. Still, a substantial diversity gain of 8.8 dB was calculated at the 99% reliability level. 
Conclusions
Spatial, polarization, and pattern diversity configurations were measured in a variety of channels including line-of-sight, non line-of-sight, urban, suburban, rural, urban canyon, and indoor channels. These channels exhibited fading that was approximately Ricean, with mean values of specular-to-random power ratio K that range from approximately 0.6 to 2.0. This investigation showed that diversity gains of 7-10 dB can be achieved at the 99% reliability level using spatial, polarization, or pattern diversity. Diversity gain of 8-9 dB is typical in non line-ofsight indoor and outdoor channels. These gains can be achieved with antenna spacings as small as 0.1 to 0.15 wavelength. The measurements indicate that polarization diversity configurations can increase SNR by 12 dB or more by eliminating polarization mismatch.
The statistics of the raw data give a realistic estimate of actual system performance.
However, the statistics calculated for demeaned data may be useful for comparison with the theoretical envelope correlation. Envelope correlations below 0.7 were observed in all channels by all spatial, polarization, and pattern diversity configurations that had spacings greater than 0.1 wavelength, even without demeaning. Demeaning decreased the envelope correlation but had little effect on the diversity gain for these measurements.
As reported in [8.12], envelope correlation for spatial diversity configurations was lower than predicted by the theory of [8.7] . This effect is caused by distortion of the individual antenna patterns due to mutual coupling. The effects of mutual coupling are not entirely beneficial, since the distorted patterns also cause power imbalance if the multipath is not uniformly distributed in angle. This reduces diversity gain compared to the gain that can be E:\Dietrich\diss_working\CHAPTER8.doc 04/27/00 169 achieved using omnidirectional elements with a similar correlation coefficient. This can be seen in comparisons of diversity gain calculated as in [8.12] using theoretical and measured values for the correlation and power balance.
The measurements reported here were for narrowband signals. When operated in frequency-flat fading environments, wideband radios should experience benefits from diversity combining similar to those seen by narrowband systems. Wideband systems also operate in frequency-selective fading environments that are likely to require different approaches such as adaptive arrays consisting of three or more elements, or diversity combining that includes some form of temporal processing. Wideband experiments are planned to measure channel characteristics and performance of narrowband and wideband combining approaches for diversity reception of wideband signals in channels with varying temporal characteristics.
